The masses of heavy baryons containing a b quark have been calculated numerically in lattice QCD with pion masses which are much larger than its physical value. In the present work we extrapolate these lattice data to the physical mass of the pion by applying the effective chiral Lagrangian for heavy baryons, which is invariant under chiral symmetry when the light quark masses go to zero and heavy quark symmetry when the heavy quark masses go to infinity. A phenomenological functional form with three parameters, which has the correct behavior in the chiral limit and appropriate behavior when the pion mass is large, is proposed to extrapolate the lattice data. It is found that the extrapolation deviates noticably from the naive linear extrapolation when the pion mass is smaller than about 500MeV.
I. Introduction
The spectrum of some hadrons has been calculated numerically in lattice QCD over the past few years. These hadrons include light mesons and baryons [1] , heavy mesons [2, 3] , and heavy baryons [2, 4] . Using non-relativistic QCD (NRQCD) on the lattice [5] for heavy quarks and the tadpole-improved clover action for light quarks, the authors of Refs. [2, 3] studied extensively the spectra of heavy mesons and heavy baryons (including doubly heavy baryons). These lattice data were obtained in the region where the mass of the pion is much larger than the physical mass of the pion. Hence one needs to extrapolate these data to the physical pion mass in order to obtain the heavy hadron masses in the real world. Naively, this is done by linear extrapolations which are inconsistent with the model independent, nonanalytic behavior of hadron properties in the chiral limit. In order to overcome this problem, pion-hadron loops are included in the study of light hadron properties [6, 7, 8, 9] . This yields the correct leading and next-to-leading non-analytic terms in the light quark masses and leads to rapid variation at small pion masses. In general, lattice data extrapolated to the physical pion mass this way yield quite different results from linear extrapolations. Based on this, we considered previously the chiral extrapolation of the lattice data for heavy D and B mesons and discussed the important hyperfine splittings [10] . Here we generalize our approach to the case of heavy baryons and extrapolate the lattice data for heavy b-baryons obtained in Ref. [2] .
We work in two opposite limits of quark masses. One is the zero quark mass limit while the other is the infinite quark mass limit. When the masses of the light quarks, u, d, and s, go to zero the QCD Lagrangian has a chiral SU(3) L ×SU(3) R symmetry, which is spontaneously broken into SU(3) V plus eight Goldstone bosons. When the masses of the heavy quarks c and b go to infinity, we have an effective theory, heavy quark effective theory (HQET), which is invariant under heavy quark flavor and heavy quark spin transformations, SU(2) f × SU(2) s . Thus the interactions of heavy baryons with the light pseudoscalar mesons should be described by an effective chiral Lagrangian for heavy baryons which is invariant under both SU(3) L × SU(3) R and SU(2) f × SU(2) s transformations. This chiral Lagrangian will be applied in the small pion mass region while we extrapolate the lattice data to the physical pion mass.
The remainder of this paper is organized as follows. In Section II we give a brief review of the chiral Lagangian for heavy baryons and including the propagators of heavy baryons. In Section III we apply this Lagrangian to calculate pion loop contributions to the self-energy of heavy baryons. Then we propose a phenomenological functional form with three parameters for extrapolating the lattice data to the physical region. In Section IV we use this form to fit the lattice data and give numerical results. Finally, Section V contains a summary and discussion.
II. Chiral perturbation theory for heavy baryons
When the light quark mass, m q , approaches zero, the QCD Lagrangian possesses an SU(3) L ×SU(3) R chiral symmetry. The light pseudo-Goldstone bosons associated with spontaneous breaking of chiral symmetry can be incorporated into a 3×3 matrix
where f π is the pion decay constant, f π = 132MeV, and M is a matrix which includes the eight Goldstones
Under SU(3) L × SU(3) R transformations, Σ is required to transform linearly,
where L ∈ SU(3) L and R ∈ SU(3) R .
While discussing the interactions of Goldstone bosons with other matter fields it is convenient to introduce
where the unitary matrix U is a complicated nonlinear function of L, R, and the Goldstone fields, and is invariant under the parity transformation.
A heavy baryon is composed of a heavy quark Q (Q = b, or c) and two light quarks q a q b (a (b) equals 1, 2, 3 for u, d, s quarks, respectively). When the heavy quark mass, m Q , is much larger than the QCD scale, Λ QCD , the light degrees of freedom in a heavy baryon become blind to the flavor and spin quantum numbers of the heavy quark because of the SU(2) f × SU(2) s symmetries. Therefore, the light degrees of freedom have good quantum numbers which can be used to classify heavy baryons. The angular momentum and parity J P of the two light quarks may be 0 + or 1 + , which correspond to SU(3) L+R antitriplet and sextet, respectively. The lowest-lying heavy baryons in the3 representation have spin 1/2, and are denoted by fields which destroy these baryons, 
and under heavy quark spin symmetry
where S ∈ SU(2) s . T a also satisfies
where v is the velocity of the heavy baryon.
It is convenient to combine S ab and S * ab µ into the field S ab µ [11]
while under heavy quark spin symmetry
S ab µ satisfies the constraints
It is convenient to introduce a vector field V µ ab ,
and an axial-vector field A µ ab ,
Under
and
In the limit where light quarks have zero mass and heavy quarks have infinite 
where g 1 and g 2 are coupling constants describing the interactions between heavy baryons and Goldstone bosons and ∆M is the mass difference between sextet and antitriplet heavy baryons in the heavy quark limit. As a consequence of heavy quark symmetry, g 1 and g 2 are universal for different heavy baryons. Since they contain information about the interactions at the quark and gluon level, they cannot be fixed from chiral perturbation theory, but should be determined by experiments.
In the limit m Q → ∞, the propagator for Λ Q is
where p is the residual momentum of the heavy baryon. It can also be shown that for Σ Q , the propagator is
and the propagator for Σ *
In the limit m Q → ∞, there is no mass difference between Σ Q and Σ * Q .
In HQET, the leading term which is responsible for a mass difference between Σ Q and Σ * Q is the color-magnetic-moment operator, 
where α is a constant which also contains interaction information at the quark and gluon level, and which is the same for Σ Q and Σ * Q at the tree level because of heavy quark symmetry. When QCD loop corrections are included, α depends on
The term (18) enhances the mass of Σ * Q by α/m Q and lowers that of Σ Q by 2α/m Q . Therefore, the propagators for Σ Q and Σ * Q become
,
respectively.
Substituting ξ = exp(iM/f π ) into Eqs. (13, 14) and making a Taylor expansion we obtain the following expressions for V µ and A µ :
Substituting Eq. (9) 
where O(M 3 ) terms are ignored.
Chiral symmetry can be broken explicitly by nonzero light quark masses. This leads to the following leading order terms in the explicit chiral symmetry breaking masses:
where λ i (i = 1, 2, 3, 4) are parameters which are also independent of the heavy quark mass in the limit m Q → ∞. 
III. Formalism for the extrapolation of lattice data for heavy baryon masses
where k is the momentum of the pion in the loop, and f (k 2 ) is a function of k 2 ) and we will not consider them further. 
where p is the residual momentum of the heavy baryon Σ Q . From Eq. (21), Fig. 1(b) takes the following form:
where again k is the momentum of the pion in the loop, and m π is the pion mass.
As discussed in Ref. [10] , the integral
where δ is some constant, can be written as
where X 1 and X 2 are Lorentz scalars, which are functions of δ. Obviously, only the X 1 term contributes in Eq.(24). In the evaluation of X 1 , the integration over k 0 was made first by choosing the appropriate contour. Then a cutoff Λ, which characterizes the finite size of the source of the pion, was introduced in the three dimensional integration since pion loop contributions are suppressed when the Compton wavelength of the pion is smaller than the source of the pion. Since the leading non-analytic contribution of these loops is associated with the infrared behavior of the integral, it does not depend on the details of the cutoff. In this way, X 1 (δ) has the following expression [10] :
when m 2 π ≥ δ 2 ;
when m 2 π ≤ δ 2 . In the case where δ = 0,
From Eqs. (23) and (24) we have
where
Figs. 1(c), (d) have the same expression as in Eq.(23), except for Σ 1 being replaced by Σ 2 and Σ 3 , respectively. In the same way, we have
where , π ± appears in the pion loop, then we have
, π 0 appears in the pion loop, and we have
Defining Σ as the sum of Σ 1 , Σ 2 , and Σ 3 , the propagator of Σ b becomes
Pion loop contributions to the propagator of Σ * b can be calculated in the same way. Fig. 2(b) , (c), (d) can be expressed as
where i = 1, 2, 3 for Fig. 2(b) , (c), and (d), respectively. After some tedious derivations, we obtain
Define Π as the sum of Π 1 , Π 2 , and Π 3 , the propagator of Σ * b becomes
In the same way, we can calculate pion loop contributions to the propagator of Λ b . Fig. 3(b) and (c) can be expressed as
where i = 1, 2 for Fig. 3(b) and (c), respectively. We obtain
If we define
After the correction from Σ is added, the propagator of Σ b is proportional to
where m 0 is the mass term without Σ correction.
The physical mass of Σ b , m, is defined by
Therefore, to order O(g , and 0, respectively. Consequently, the pion loop contribution to the mass of Σ b , σ Σ b , has the following expression:
In the same way,
For Λ b , we have
In Eqs.(53-57), X 1 is given by Eqs. (27-29) .
In order to extrapolate the lattice data from large m π to the physical value of the pion mass, we follow the arguments proposed in Ref. Following Refs. [6, 7, 8, 9, 10] , we propose the following phenomenological, functional form for the extrapolation of lattice data for heavy baryons:
for
The advantage of fitting the lattice data in this way is that we can guarantee that our formalism has both the correct chiral limit behavior and the appropriate behavior when m π is large, with only three parameters (a, b, and Λ) to be determined in the fit. [m q a (−S ab S ab +S * µ ab S * ab
where we have made a Taylor expansion for ξ and omitted O(1/f Table   1 . In the following, we will extrapolate these values to the physical pion mass with the formulas in Eq.(58).
In our fit we have to determine three parameters in our formalism, (a Σ b , b Σ b , and Λ in Eq.(58), for example). These parameters are related to ∆M, α, g 1 , and g 2 , which represent interactions at the quark and gluon level and cannot be determined we choose m c = 0.15GeV. To see the depedence of our fit on α, we let it vary from 0.025GeV 2 to 0.035GeV 2 .
The coupling constant g 2 can be determined from the decay width for Σ * c → Λ c π, which has the following explicit form:
From Γ Σ * ++ c →Λcπ + = 18 ±5GeV, we have g baryons, the authors in Ref. [14] found that g 1 = 0.38. Based on this, we let g is defined as
With the parameters in Table 2 It can be seen from Table 2 that the extrapolated mass difference between Σ b and Σ * b has a very large error. This is caused by the uncertainty in the lattice data.
A better way to obtain the mass difference between Σ b and Σ * b is to extrapolate the lattice data for this mass difference which were obtained from ratio fits, since these data have much smaller errors. The mass difference between Σ b and Σ * b , ∆E, was also given in Ref. [2] for five different values of aM 0 . We use the data at aM 0 = 1.6, 2.0, 2.7, and 4.0 to obtain the value of ∆E at aM 0 =2.31 with the formula
where e is a constant. Eq.(61) arises from the fact that the mass splitting between Σ b and Σ * b is caused by 1/m Q effects. With the least squares fitting method we obtain results for ∆E at aM 0 =2.31, for different values of κ. These are shown in Table 3 .
In order to extrapolate the values in Table 3 to the physical mass of the pion, we use the following formula:
With Λ = 0.5GeV, α = 0.032GeV 2 , ∆M = 0.213GeV, g = 0.0180(25), which is listed in Table 2 as In addition to the uncertainties which are caused by the errors in the lattice data, the fitted results can also vary a little in the range of the parameters α, ∆M,
, and Λ. In Table 4 we list these uncertainties.
In the naive linear extrapolations pion loop corrections are ignored. Hence the results do not depend on the parameters α, ∆M, g Comparing the uncertainties listed in Table 2 and Table 4 we can see clearly that the main uncertainties in our fit are caused by the errors in the lattice data. In fact, we find that, in addition Table 6 with those in Tables 4 and 5 V. Summary and discussion Based on these considerations, we proposed a phenomenological functional form to extrapolate the lattice data.
The advantage of our formalism is that it has the correct chiral limit behavior as well as the appropriate behavior when m π is large and that there are only three parameters to be determined in the fit to lattice data. It is found that when the pion mass is smaller than about 500MeV the extrapolations begin to deviate from the naive linear extrapolations. However, the differences between the extrapolations with and without pion loop effects being included is smaller than those in the case of heavy mesons. Hence the linear extrapolation is a better approximation in the case of heavy baryons. We carefully analysed uncertainties in our extrapolations which are caused by both lattice data errors and uncertainties in several parameters in our Fig. 9 
